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This paper presents an analysis of the excavation forces involved in the cutting action and in the friction
of a cutter/rock contact. A vertical lathe-type device provided data on the forces applied on a single cutter
under dry excavation conditions. A cutting device was used to perform cutting experiments with unworn
and worn cutters. A tribometer was used to perform friction tests on the cutters wear ﬂat previously
realized with the vertical lathe. The experiments display results conform to the literature as the non-
dependence of the cutting coefﬁcient to the rock properties. Then, this study focuses on the cutting
forces and explains that these forces include a component of rock shearing and impact friction. The
impact friction is induced by the interaction between ejected rock particles and the cutting active area.
The evidence of this impact friction is then brought by the formation of an eroded zone on the cutting
active area.
1. Introduction
The drilling industry mainly uses two families of tools: roller
cone bits for the hardest rock formations and drag bits in softer
rocks. Because of their great excavation performances, drag bits
have an increasing market share reaching more than 60% in 2014
and estimated at 80% in 2020 [1]. During excavation, drag bits
operate by shear mode and are mostly damaged by abrasion [2].
Therefore, the increase in market share is also explained by the
progresses made on materials and mechanical studies to assess
their wear resistance.
Drag bits are formed by tens of polycrystalline diamond com-
pact (PDC) cutters. These bits have a speciﬁc design allowing a
homogenous distribution of stresses and wear on the cutters [3].
Consequently, laboratory experiments are often performed on a
single cutter. This strategy is also justiﬁed by the accurate control
of experimental conditions and the easier interpretation of me-
chanical data obtained with a single cutter [4]. In this way, Fair-
hurst and Lacabanne [5] ﬁrst decomposed the forces applied on a
single cutter as cutting forces and friction forces. The cutting forces
are applied on the cutter front active area. The friction forces ap-
pear between the cutters and the rock when a signiﬁcant wear ﬂat
is formed at the cutter tip [6]. These authors introduced then
strong hypotheses as the independence between these friction and
cutting forces. Detournay and Defourny [7] also assumed that, at
the beginning of a test, before the formation of a wear ﬂat, the
forces applied on the cutter are equal to the cutting forces. Since,
the single cutter approach and these hypotheses are broadly used
to asses cutters quality [8]. Thereby, the study of cutter/rock in-
teractions decomposed at the cutter active areas can bring new
developments for the understating of drill bits excavation and
wear performances.
The aim of this work is to study independently the cutting and
the friction components applied to a single cutter. First, experi-
ments equivalent to the excavation conditions but in dry condi-
tions were performed to highlight the results obtained with the
independence hypothesis. Then, cutting tests with different cutter
wear ﬂats, cutting depths and rocks were carried out to study the
cutting forces. Finally, friction tests without penetrating the rock
were done to only measure friction forces applied between cutters
with different wear ﬂats and rocks.
2. Single cutter/rock contact
The PDC cutters used in this study are cylindrical with a dia-
meter of 13.4 mm and a height of 10 mm. They are formed by a
tungsten carbide-cobalt substrate surmounted by the PDC part.
The thickness of this PDC part is 2 mm. The PDC part has a chamfer
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of 45°!0.4 mm. The PDC cutters have a coarse PDC microstructure
with a mean diamond grains size of ± μ17 4 m.
Concerning the single cutter contact mechanics, two main hy-
potheses are commonly used:
" The independence between the cutting components applied on
the cutting active area Ac (Fig. 1b) and the friction components
applied on the wear ﬂat Af (Fig. 1c);
" At the beginning of a test, the cutting is pure. The friction
coefﬁcient μ deﬁned by friction components is equal to zero as
there is no surface for the friction to be applied on.
These hypotheses can simply be expressed by two equations
relating the overall forces applied to the cutter and the associated
cutting and friction components:
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The cutting forces are considered constant during excavation
and proportional to the cutting active area Ac. The coefﬁcient of
proportionality is the intrinsic speciﬁc energy ε depending on rock
mechanical properties. The friction increases with the wear ﬂat
formation as the load required to maintain the constant cutting
depth increases. Accordingly, Detournay and Defourny [7] showed
that a linear relation could be established between the transverse
force FT and the normal force FN (with ζ the cutting coefﬁcient
deﬁned by the cutting components):
μ ε μζ= + ( − ) ( )F F A1 2T N c
This linear law can also be expressed by relating the speciﬁc
energy E (i.e. the ration between FT and Ac) and the drilling
strength S (i.e. the ration between FN and Ac):
μ ε μζ= + ( − ) ( )E S 1 3
3. Experimental campaign
3.1. Excavation device
A vertical lathe-type device was used to realize dry excavation
experiments. Cutters brazed on sample holders were adjusted
downward on the lathe shaft. Ring-stone counterfaces were made
of a manufactured mortar rock (1 m in external diameter, 0.5 m in
internal diameter and 0.6 m thick with a density of −2150 kg m 3).
The mortar has a homogeneous chemical composition (silica
content of 60 wt.%) and mechanical properties (compressive
strength of 48 MPa and young modulus of 78 GPa). The experi-
ments were carried out using a normal load FN ranged from 3000
to 5000 N, a back rake angle α of 15° and a mean cutting speed of
−1.8 m s 1. The cutting depth δ was maintained at 2 mm. The tests
were conducted in atmospheric environment and no lubricant was
added into the contact to signiﬁcantly wear the PDC cutters. The
experiments were conducted over an equivalent excavation dis-
tance of 8500 m. During these experiments, a wear ﬂat area Af is
Fig. 1. Contact conﬁguration of the vertical lathe: (a) overall cutter/rock contact model with FN and FT the applied forces, α the back rake angle, Ac the cutting active area and
Af the wear ﬂat area; (b) cutting components FT
c and FN
c applied on Ac; and (c) friction components FT
f and FN
f applied on Af .
formed at the tip of the cutter (Fig. 1a). At the end of each se-
quence, the height of material lost hwas measured to calculate the
cutting active area Ac. The cutters were worn only in their PDC
part. The tests were performed two times giving enough
repeatability.
The vertical lathe was also used to prepare the cutters for the
independent cutting and friction experiments. Two wear states at
worn height h of 0.3070.02 mm and 0.4570.02 mm were per-
formed on two different cutters (Fig. 2). These worn heights are
associated to wear ﬂat areas Af of 3.070.5 mm
2 and
5.370.8 mm2. The wear ﬂats are only formed in the PDC part and
the WC-Co substrate was not worn.
3.2. Cutting device
The cutting device was used to perform short cutting experiments
in dry condition with different natural rocks. The cutting device is
composed by a load arm where the PDC cutters are ﬁxed using a
sample holder and a rotating plate where different cored rocks can
be placed. Several cutting depths were set between 0 and 3 mm. The
cutting active area Ac was calculated accordingly to the cutting
depth. The cutting speed was set at −4 mm s 1. The cutting was per-
formed for a few seconds until a permanent state was established
(i.e. constant contact forces and cutting depth). These experimental
conditions do not lead to any signiﬁcant wear of the cutter.
Four different rocks were selected: two limestones and two
sandstones. This selection allows interesting variations of physical
and mechanical properties as the density, the porosity and the
compressive resistance (Table 1).
The cutting tests were performed with an unworn cutter and
the three cutters previously worn using the wear lathe.
3.3. Tribometer
A rotary tribometer was used to perform friction tests on the
worn cutters (Fig. 3). These tests were performed with a normal
Fig. 2. View of a wear ﬂat with a worn height h of 0.17 mm.
Table 1
Properties of rocks used for the cutting experiments with the density ρ, the por-
osity ϕ and the compressive resistance Rc.
Rocks ρ ( )−g cm 3 ϕ (%) Rc (MPa)
Buxy limestone 2.6 2 100
Lacôme limestone 2.3 12 80
Vosges sandstone 2.2 22 42
La Rhune sandstone 2.1 3 130
Cutter
Rock
Rotation
Fig. 3. View of the cutter/rock contact on the rotary tribometer (counterclockwise
rock rotation).
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Fig. 4. Linear evolution of the transverse force in function of the normal force.
Table 2
Coefﬁcients obtained from
the Detournay–Defourny
law of excavation ( Ac is
the mean value of the
cutting active area during
the tests).
μ 0.1970.01
ζ 1.1770.03
ε (MPa) 4472
( )A mmc 2 12.370.1
FN
c (N) 640751
FT
c (N) 544727
load of 64 N and a sliding velocity of −0.5 m s 1. The experiments
were conducted for a few minutes until permanent sliding con-
ditions. The sliding direction was set at the direction opposite of
the cutter excavation direction to avoid any cutting action. The La
Rhune sandstone was used for these friction experiments. Again,
the cutters wornwith the wear lathe were reused for these friction
experiments.
4. Results
4.1. Excavation tests
The excavation tests show that the forces applied to the cutters
verify the Detournay–Defourny law (Fig. 4). The transverse force is
linear with the normal force during these wear experiments. In
other words, when the cutter wears, the friction at the wear ﬂat
increases linearly with the load applied on it (Amontons–Cou-
lomb's friction law) to maintain a constant cutting depth.
Accordingly, the experiment results give the friction coefﬁcient,
the cutting coefﬁcient and the speciﬁc intrinsic energy (Table 2).
During the excavation, the cutting active area slightly changes
depending on the wear state of the cutters. The mean value of the
cutting active area is ±12.3 0.1 mm2. The average normal com-
ponent of cutting forces is 640751 N. The average transverse
component of cutting forces is 544727 N.
4.2. Cutting tests with unworn cutters
The cutting tests with an unworn cutter imply that the overall
forces applied on the cutter are equal to the cutting components
(i.e. =F FN N
c and =F FT T
c). As expected, the transverse cutting force
is proportional to the normal cutting force (Fig. 5a). This ob-
servation was conﬁrmed for all the experimented rocks. Further-
more, the calculated cutting coefﬁcient ζ is identical between all
these rocks and for all the cutting depth with the value of
0.7970.01. First of all, this result could indicate that with this
experimental conﬁguration the cutting mechanisms realized at the
cutter/rock interface are quite similar. However, as already de-
scribed in previous studies [9,10], these tests show that there are
two cutting regimes depending on the cutting depth (i.e. on the
cutting active area) (Fig. 5b). These two cutting regimes are linked
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Fig. 5. Evolution of the transverse force applied on an unworn cutter during cutting tests: (a) transverse force vs. normal force; (b) transverse force vs. cutting active area;
and (c) transverse force vs. compressive resistance of the rocks.
to two cutting mechanisms in the cutter/rock contact: ductile and
brittle.
The transverse cutting force is also function of the compressive
strength (Fig. 5c). The transverse cutting force seems to follow a
power law with the compressive resistance or at least two linear
trends at low compressive resistance ( < )R 80 MPac and higher
compressive resistance ( > )R 80 MPac .
4.3. Cutting tests with worn cutters
The cutting tests with worn cutters also follow the Detournay–
Defourny model (Fig. 6a). The friction is logically independent of
the wear ﬂat area Af and the friction coefﬁcient is of 1.4070.03.
The intercept of the friction line with the E axis (i.e. ε μζ( − )1 ) is
equal to #1177 MPa. As described in the Detournay–Defourny
model (see Eq. (1)), the transverse force is proportional to the
cutting active area (Fig. 6b). The coefﬁcient of proportionality is
then the intrinsic speciﬁc energy ε. Detournay and Defourny [7]
explain that this coefﬁcient depends on various factors as the
cutter properties, the rock properties, the back rake angle, etc.
Here, the coefﬁcient ε is clearly independent of the cutter wear
state and is equal to 7471 MPa. As expected, the excavation forces
increase with the cutter wear and the area Af .
From the friction coefﬁcient μ, the intercept ε μζ( − )1 and the
intrinsic speciﬁc energy ε values, the cutting coefﬁcient is then
determined at 0.8270.09. This value does not depend on the
cutter wear state. Consequently, this cutting coefﬁcient is also si-
milar to the cutting coefﬁcient obtained with unworn cutters.
4.4. Friction tests
The friction tests show ordinary tribological results. In this way,
after a transient decreasing, the friction coefﬁcient reaches a
constant value of 0.2170.01 (Fig. 7). This transient period
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Fig. 8. Photography of a PDC cutter front face after an excavation test.
corresponds to the accommodation time of the cutter/rock con-
tact. After few minutes, friction can then be considered as constant
under the wear ﬂat Af . As wear is only performed in the PDC part,
the friction does not depend on the cutter wear state.
4.5. Observations
All tested cutters show a shallow visible affected zone on the
tip of the cutting active area (Fig. 8). This zone represents in
average an area of 371 mm2, i.e. 2376% of the cutting active area
Ac.
SEM observations of this affected zone display a real contrast
with the rest of the front face (Fig. 9). The unaffected part of the
PDC face shows a rough surface without a deﬁned microstructure
(Fig. 9a). Otherwise, the affected zone has a smoother surface
(Fig. 9b). As it can be seen on the backscatter electron image
(Fig. 9c), this zone reveals the PDC microstructure. In addition, an
EDX analysis coupled with the backscatter image of the affected
zone shows that rock particles (i.e. mainly silica and then silicium
element) are surrounding the diamond grains (Fig. 9d). These
observations indicate that a mechanism of surface was performed
by the rock particles in the affected zone during the tests. Deple-
tion of the cobalt surrounding the diamond grains may also have
occurred on this zone.
5. Discussions
As well established in tribology, friction does not depend on the
apparent contact area (i.e. the wear ﬂat Af here). The friction
coefﬁcient μ is indirectly affected by the properties of the mate-
rials in contact and by the experimental device through the for-
mation of a third body at the interface (e.g. debris) [11]. Several
authors even relate the value of frictional angle on the wear ﬂat to
the internal frictional angle of the rocks [7,12]. In this way, the
changes of materials, mechanisms or particles ﬂows involved in
the cutter/rock contact explain the different friction coefﬁcients
obtained using the three devices.
Otherwise, the cutting coefﬁcient ζ remains constant among
the various rocks used in this study with the cutting device. Ac-
tually, the weakly dependence between the cutting coefﬁcient and
Fig. 9. SEM images of a PDC front face after an excavation test: (a) secondary electron image of the unaffected zone; (b) secondary electron image of the affected zone;
(c) backscattered electron image of the affected zone; and (d) backscattered electron image and EDX analyses of the affected zone.
Fig. 10. Illustration of the interaction cutter/rock and the cutting force components
including the cutter front shearing and friction components (i.e. ′FN and ′FT).
the rock have been demonstrated over 300 different rocks by Ri-
chard et al. [10] As the cutting coefﬁcient can be simply expressed
by the back rake angle α and the friction coefﬁcient relative to the
cutting active area μ′ (Eq. (4)), the front cutter/rock friction in-
teraction should then be equivalent among all the selected rocks
(Fig. 10). This observation can be related to a decomposition of the
cutting for Fc into the force of rock shearing and the friction force
generated by rock chips and particles impacts on the cutting active
area. The force of rock shearing is normal to the cutting active area
(i.e. ′FN) and the impact friction force direction is along the front
face (i.e. ′FT). The shearing force is a function of rock mechanical
properties. The impact friction force should mainly depend on the
impact angle and the velocity of rock particles on the cutter front
face while the material has less inﬂuence [13,14]. In this way, if the
mechanism of excavation and rock shearing does not change, the
impact friction should not vary even if the rock is different:
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Eventually, considering a mean cutting coefﬁcient after the
cutting experiments of 0.8170.02, the impact friction coefﬁcient
is then of 0.4170.02 representing an angle ψ of 22.3870.02°.
In real conditions, the impact friction can also be an important
component. In particular, erosion mechanisms are observed when
the rock particles concentration in the drilling mud increase or
when the velocity of the mud circulation is high [2].
6. Conclusion
Three devices were used to study the excavation forces applied
on a single cutter. These devices allow independent analyses of
cutting and friction components applied on the wear ﬂat and on
the cutting active area.
First of all, the experiments display results well established in
the cutter/rock contact mechanics or more broadly in contact
mechanics. The sliding friction coefﬁcient is related to the inter-
facial particles ﬂow under the wear ﬂat brought by the materials in
contact. First, the friction coefﬁcient does not depend on the ap-
parent contact area (i.e. the wear ﬂat area and the wear state) and
is constant as soon as the conformity of the contact is performed
(i.e. after few minutes here). Also, in function of the cutting depth,
two cutting processes can be observed in which the cutting force is
proportional to the cutting active area. The intrinsic speciﬁc en-
ergy is the coefﬁcient of proportionality which depends on the
rock mechanical properties. In this way, the cutting forces depend
on the compressive resistance of the rock. Eventually, the cutting
coefﬁcient is function of the cutter/rock contact geometry and
does not depend on the excavated rock.
On this last point, this study focuses on the cutting components
and shows that the cutting process is composed by the shearing
action of the rock and impact friction. The impact friction is
produced by ejected rock particles. This mechanism is attested by
the observation of an eroded zone on the cutting active area.
The impact friction contribute to the increase of cutting forces
and lower the excavation performances. As the wear associated to
the sliding friction component and the rock excavated volume
associated to rock shearing force, the erosion generated by the
impact friction highlight another parameter which has to be taken
into account in the quality enhancement of drill bit cutters.
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